Abstract-Energy utilities are important sources of pollution emissions. These sources are generally surrounding large, medium and small cities. The electricity demand is growing in all the world and the forecasts for this century are that energy demand will double and even triple during the rest of the century. The need for cleaner emissions and the control and understanding of the impact in air quality concentrations of the emissions of the modern power plants is a must. In this contribution we present a tool to map the forecasted exceedances of Air Quality EU Directive in a large area centered on the power plant and the contribution of different emission sources in a power plant to air concentrations. The tool is based on the MM5-CMAQ-EMIMO models system. The MM5 model is widely used all over the world and was developed by PSU/NCAR (USA). The CMAQ model is the so-called Community Multiscale Air Quality Modelling System developed by USEPA. EMIMO is an anthropogenic and biogenic air emissions model, which produces hourly emissions per pollutant per square kilometer. The system is accessed over the Internet by authorized personnel on a daily basis.  Index Terms-air quality modelling, industrial impact, realtime control, air quality forecasts
I. INTRODUCTION
The ability to reduce emissions in real-time according to a forecast for a specific area and period of time is very challenging. In the past, the ability to forecast air quality in a timely manner was largely limited by computer power and the cost of vector parallel computers. Nowadays, a cluster system using a number of PC processors (3, 4 GHz or 3,6 GHz) largely solves this problem but it requires that the architecture of the air quality modelling system is carefully designed first. The new generation of air quality modelling systems are capable to simulate in detail atmospheric process which a few years ago was a quite difficult task. Nowadays, the advances in computer capabilities, the computer power has increased substantially in the last years and the PC based platforms have reached high performance levels.
The cluster approaches open new scenarios for many applications and particularly on the atmospheric dynamics simulations. And the substantial increases in the knowledge in the atmospheric process have also conducted to new possibilities Accurately estimating the air quality impact of industrial plant is becoming increasingly important due to the more strict EU Air Quality legislation. The 2008/50/EC Directive of the European Parliament and of the Council of 21 May 2008 on ambient air quality and cleaner air for Europe, mentioned the need to provide short term air quality plans for zones and areas with exceedances of air concentrations. In accordance with this legislation, industrial plants are required to have appropriate control systems in place so that air quality impact can be predicted in real-time and forecasting modes.
The concept of real-time in our case is related to the fact of taking appropriate decisions in advance to avoid specific exceeds of the EU Directive limits. Following above Directive the responsibility to design of short-term action plans, including trigger levels for specific actions, is the responsibility of Member States. Depending of the individual case, the plans may provide for graduated, cost-effective measures to control and, where necessary, reduce or suspend certain activities, including motor vehicle traffic, which contribute to emissions which result in the alert threshold being exceeded. These may also include effective measures in relation to the use of industrial plants or products. The need of having reliable tools to forecast the exceedances of air quality EU Directive limits and estimate the contribution of the industrial emissions in the surrounding area is a must. This tool contributes to this objective with a software system developed in an efficient and robust way.
The EU directives are mainly concerned with the levels. Accurately estimating the air quality impact of industrial plant is becoming increasingly important due to the more strict EU Air Quality legislation. The TEAP system (a EUREKA-EU project) has the capability to incorporate different modelling systems.
In a preliminary stage we have tested the system with the so-called OPANA model (ETC/ACC03). The OPANA model [1] The OPANA model has been used (different versions) for simulating the atmospheric flow -and the pollutant concentrations-over cities and regions in different EU funded projects such as EMMA (1996) (1997) (1998) , EQUAL (1998 EQUAL ( -2001 , APNEE (2000 APNEE ( -2001 . In these cases and others the model has become an operational system for several cities such as Leicester (United Kingdom), Bilbao (Spain), Madrid (Spain), Asturias region (North of Spain) and Quito (Ecuador, BID, 2000) . In all these cases the model continues to operate on a daily basis and simulates the atmospheric flow in a three dimensional framework. The OPANA model, however, is a limited area modelwhich means that the model domain is limited by the earth's curvature-and the cloud chemistry and particulate matter is not included (aerosol and aqueous chemistry). Examples of "state-of-the-art" meteorological models are: MM5 (PSU/NCAR, USA), RSM (NOAA, USA), ECMWF (Redding, U.K.), HIRLAM (Finnish Meteorological Institute, Finland), etc.
Examples of "state-of-the-art" of transport/chemistry models-also called "third generation air quality modelling systems"-are: EURAD (University of Cologne, Germany) [2] , EUROS (RIVM, The Netherlands), [3] , EMEP Eulerian (DNMI, Oslo, Norway), MATCH (SMHI, Norrkoping, Sweden), [4] , REM3 (Free University of Berlin, Germany), (2000), CHIMERE (ISPL, Paris, France), [5] , NILU-CTM (NILU, Kjeller, Norway), [6] , LOTOS (TNO, Apeldoorm, The Netherland [7] , DEM (NERI, Roskilde, Denmark), [8] , STOCHEM (UK Met. Office, Bracknell, U.K.), [9] . In USA, CAMx Environ Inc., STEM-III (University of Iowa) and CMAQ (EPA, US) are the most up-to-date air quality dispersion/ chemical models. In this application we have used the CMAQ model (EPA, U.S.) which is one of the most complete models and includes aerosol, cloud and aerosol chemistry.
II. THE AIR QUALITY MODELLING SYSTEM
The fundamental relationship governing chemistry and transport in the atmosphere is the mass balance or continuity equation for minor species emitted and mixed into the air (primary pollutants) or generated by chemical transformation of such species (secondary pollutants). The equation describing the change of the concentration C i of species i with time t may be written as
where Pi and L i are the chemical production and loss, respectively, and E i the emission of the species. K represents the eddy diffusivity matrix and v threedimensional wind vector.
MM5 is linked to CMAQ by using the MCIP module which provides the physical variables for running the dispersion/chemical module (CMAQ), such as boundary layer height, turbulent fluxes (momentum, latent and sensible heat), boundary layer turbulent stratification (Monin-Obukhov length), friction velocity, scale temperature, etc. This modelling system requires important initial and boundary data sets to simulate properly specific time periods and spatial domains. We have run the modelling system (MM5-CMAQ) with USGS 1 km landuse data and GTOPO 30'' for the Digital Elevation Model (DEM) which can be substituted by more accurate high spatial resolution landuse information if required. We have used GFS (NCEP/NOAA, USA) global meteorological information as input for the MM5 meteorological model The CMAQ model (Community Multi-scale Air Quality Modelling System, EPA, US) is implemented in a consistent and balanced way with the MM5 model. The CMAQ model is fixed "into" the MM5 model with the same grid resolution (6 MM5 grid cells are used at the boundaries for CMAQ boundary conditions). An example domain architecture is shown in Fig. 1 for an application in a combined cycle power plant in the south area of Madrid Community. Traditionally Eulerian models have not been used for evaluating the air quality of industrial plants because the complexity of the models and the low sensitivity to determine the portion in the inmission due to industrial plant emissions. Local meteorology has a significant impact on the impact of industrial sources. MM5/CMAQ has the capability to quantity and qualify the impact on air pollution concentrations of different emission sources because of the high sensitivity of the architecture and atmospheric science included. Chemical mechanisms (CBM-IV, RADM, SAPRAC, etc.) can trace the pollution concentration changes with high degree of accuracy. The air quality forecasting system is highly automated, generating air quality prediction and impact results by each morning for the day following the Fig. 2 scheme. To implement the numerical forecast system, scripts were developed in a Linux environment to automatically execute the various data preprocessor, postprocessors and model codes. Models results are converted to the visualization required format. Visualization postprocessing is done using the Ferret software. The automation of the system is accomplished using TCL and shell scripts. The general scheme of application of the tool over a set of industrial power plant can be seen in Fig.  3 .
The emission inventory for the proper spatial domain and for the specific period of time (at high spatial and temporal resolution) is possibly the most delicate input data for the sophisticated meteorological/transport/chemistry models. The accuracy of emission data is much lower than the accuracy of the numerical methods used for solving the partial differential equation systems (Navier-Stokes equations) for meteorological models [10] and the ordinary differential equation system for the chemistry module [11] [12]. Typical uncertainty associated to emission data is 25 -50 %. However, in our application it is more important to see the relative impact of the industrial emissions in the mesoscale domain-where the industrial plant is located-than to quantify and qualify the absolute pollutant concentrations in the atmosphere.
The mathematical procedures to create an emission inventory are essentially two: a) Top-down and b) Bottom-up. In reality a nice combination of both approaches offers the best results. Because of the high non-linearity of the atmospheric system, due to the characteristics of the turbulent atmospheric flow, the only possibility to establish the impact of the part of the emissions (due to traffic or one specific industrial plant, for example) in air concentrations, is to run the system several times, each time with a different emission scenario. The system uses the EMIMO model to produce hourly 1 km x 1 km gridded emissions of total VOC's (including biogenic), SO2, NOx and CO. EMIMO is an emission model developed at our laboratory in 2001.
This model uses global emission data from the EMEP/CORINAIR European emission inventory (50 km spatial resolution) and EDGAR global emission inventory (RIVM, The Netherlands). In addition the EMIMO (EMIssion Model) model uses data from DCW (Digital Chart of the World) and USGS land-use data from AVHRR/NOAA 1 km satellite information. The EMIMO model includes a biogenic module (BIOEMI) developed also in our laboratory based on the algorithms for natural NOx, monoterpene and isoprene emissions as a function of LAI (leaf Area Index) and PAR (photosynthetic active radiation). The emission inventory is a model, which provides in time and space the amount of a pollutant emitted to the atmosphere. In our case we have quantified the emissions due to traffic, domestic, industrial, tertiary sector and biogenic sources in the three model domains with 9 km, 3 km and 1 km spatial resolution mentioned above.
III. APPLICATIONS
The MM5-CMAQ modelling system has been applied over different power plants with several emission points in each power plant. The system is designed to operate in ON-OFF mode which means that it will simulate the air concentrations using all emission points-ON scenarioand the simulation switching off the emissions of the emission points which we would like to know the contribution to the air concentrations-OFF scenario-. The difference ON-OFF will produce the contribution of the emission points-which have been switched off-to the reference scenario-ON scenario with all emission points active. In order to calibrate the mathematical model we have to run the system in full mode (ON) during one full year and compare the modelled air concentrations with those measured in different monitoring stations located in the surrounding area of the power plant. As we have seen in Fig. 3 , the area cover is defined up to 405 km x 405 km with 9 km spatial resolution. This has been accomplished in several applications in Spain but the configuration can be adapted to the special needs of any potential industrial plant to use this system. Fig. 4 and Fig. 5 show the comparison between observed and modelled concentrations for SO2 and O3 in two different monitoring stations in Madrid as an example. The figures show that the model and observed data are very close and the confidence to be given to the system is very high. It is important to keep in mind that the monitoring data is taken in a specific point -located in many cases in highly urbanized areas-and the model produces air concentrations averaged over a grid cell (1 km x 1 km, or any other spatial resolution). The system compares with actual measures in a very acceptable way however the inclusion of O3 events produced outside of the model domain (405 x 405 km) are not possible to be captured by the system although the inclusion of larger domains depends only on the computer power devoted to the system. The O3 events with origin outside of this model domain are somehow common in the sense that during last decade a substantial decrease in pollution levels has been obtained from primary pollutants but long range transport is increasing the importance day by day partially due to the decrease of impact on local events.
The EU Directive 2008/50/EC requires that the differences between O3 model data and observations should be between the 50 % range for the corresponding percentiles. In our calibration process the more monitoring stations we use the better the confidence on the modelling results will be. The impacts-due to the high chemical nonlinearity involved-are analyzed using the absolute concentration pollution values and then compared with the EU Directive limits. The post-processing is done automatically and presented in the specifically designed Web site.
The system allows a depth analysis on the impact of industrial emissions by using process analysis techniques. Variations in process contributing during the simulation period can be showed to pollutant concentrations at some grid cells over the simulation period for advection in E-W and N-S direction (XYADV), vertical advection (ZADV), mass adjustment for advection (ADJC), chemistry (CHEM) and finally the simulated concentrations (with industrial emissions). Horizontal advection and chemistry seem to play an important role at the industrial grid cells in accordance with the simulated ozone concentrations, also the process analysis can show information about the vertical diffusion (VDIF), horizontal diffusion (HDIF) and dry deposition (DDEP). Vertical diffusion is clearly the most important mechanical process affecting the simulated concentrations for the 3-5 days of the simulation period.
Several applications of the system have been carried out during the last ten years in Spain. The applications have been focused on the capability of the system to forecast the exceedance of the Air Quality EU Directive limits and the contributions of the different emission points in each industrial plant to those situations. This information has been revealed to be very useful for industrial managers and environmental authorities.
IV. RESULTS AND WEB SYSTEM
The web interface is designed to provide easy access to a wide variety of air quality data produced by the modelling system. The design enables users to explore and analyze datasets in a consistent manner through web services. The tool has a client-server integrated system with a friendly web interface and a modular design which allows optimizing the system to the user requirements, Fig. 6 . Access is through any standard web browser and HTTP protocol. The user interface and communication dialog is bases on standard HTML, Javascript and PHP, on client side so software requirements are limited to a web browser. The client uses a web browser and the server is running over Linux operating system with the Apache web server. Output maps are dynamically generated that can be interactively controlled and configured by the user, Fig. 7 . Options include zooming, interactive color scales, animation of dynamic model runs. The different systems have been operating since 2005 and next years with full success. The developed system is adapted to the specific circumstances of each application. Different forecasting horizons, different scenarios and different requirements from end users. The design is adapted to each specific application, however the principles and generalities are the same for all systems with specific emphasis on the capability to forecast the exceedances of Air Quality EU Directive limits and the plots and maps produced to visualize the contribution of different scenarios to the air concentrations. This forecasting capability allows to understand and to take early warning actions according to the post-process analysis. The system is operating from the Computer Centre at Computer Science School at Technical University of Madrid (UPM) managed by the Environmental Software and Modelling Group (ESMG) and Gas Natural Fenosa Engineering Company. Different cluster platforms have been implemented according to the specific end user requirements. In general a set of modern multi-core processor platforms is able to perform the daily forecast cycle with the requested spatial horizontal and vertical resolution. The duration of the run is adjusted to 15-20 hours. This duration time is taking into account the changes on the forecasted wind speed which may increase or decrease the simulation time in a range on around 50 %. Fig. 8 shows the La Robla (Spain) Air Quality Modelling System as an example of the different installed air quality impact systems. In Fig. 10 we observe the time evolution of the SO2, O3 and NO2 concentration in a specific location of the high spatial resolution domain (1 km and 24 km x 24 km). The SO2 contribution percentage does not have any change during this day because no emissions from the power plant occurred; however, the percentage contributions to O3 and NO2 are changing from positive contributions (increases) and negative contributions (decreases). The maximum contributions on this day are ranged between +17% to -12 % at different hours and for that specific location (close to the power plant position). The web site is designed to be accessed by local environmental authorities, company running the power plant and the UPM technical group. In Fig. 9 we see the percentage of O3 contribution of the power plant to the surrounding area (81 x 93 km). We observe that at 09:00 on December, 8, 2013 with very low average winds (see small arrows in the map) there are two clearly detected hot spots, one red hot spot with increased impacts up to 4 % and one blue hot spot with decreased impacts up to 5, 4%. In all cases and in general terms the impacts are small but the tool is clearly very precise in detecting the areas in time and space. In this particular case the forecast is done with 24 hours but in other applications we have scenarios up to 7 days forecasts. 
V. CONCLUSIONS
We have built an air quality industrial impact tool to be used in real-time and forecasting modes. The tool has been applied in different power plants in Spain since 2005. The system has been applied with three different nesting domains with three spatial resolutions (1 km, 3 km and 9 km) and produces maps and time series to understand and know the forecasted exceedances of the Air Quality EU Directive in forecasting mode. In addition, the system produces maps and time series of the contribution of different emission points in the same power plant. The air quality model produces results which compares very satisfactory with the observed concentrations in the different monitoring networks operating in the different domains (city, industrial, communities, etc.). The system can be used by authorities to monitoring the expected contribution of the emissions of the industrial plants in the surrounding areas of a Municipality. It can also be used by the industrial companies to manage and monitor the impact of the different industrial emissions over the surrounding areas and helps to adequate the industrial emissions to the chemical and meteorological atmospheric conditions.
The confidence and accuracy of the atmospheric model is critical for the performance of the complex system. New generation of on-line air quality models such as WRF/chem are expected to be used in the near future to improve the accuracy and confidence of the air forecasted air concentration levels. The forecasted industrial emissions are also a key element in the complexity of the system. The industrial emission forecasts are produced by the industrial company and are also affected by the corresponding uncertainty. Additional efforts are needed to reduce the uncertainty of the emission sources and the physical and chemical parameterizations included in the atmospheric dispersion and chemical models.
The system is a relevant software tool to help industrial plant managers to integrate friendly environmental practices into the industrial production process and help to fulfill to the city and regional authorities with the environmental regulations.
